This study was designed to investigate the renin-angiotensin system in the fetal lamb. Simultaneous measurements of plasma renin activity (PRA) were carried out in seven acute fetal-maternal sheep preparations at 9 1, 100, 104, 1 12, 124, 142, and 145 days of gestational age, respectively (term 145 days). The mean fetal PRA in this group was 4.87 mp/ml as compared with 1.58 mp/ml for the maternal plasma. PRA was also measured simultaneously in three intrauterine nonstressed fetuses. Six days after insertion of catheters, the fetal PRA was 9.0, 9.2, and 8.75 mp/ml, respectively, and the maternal PRA was 0.4, 4.5, and 3.75 mp/ml, respectively.
Introduction
A number of morphologic investigations have dem-
Little is known about the morphologic or physiologic onstrated the presence of juxtaglomerular granules in control of the renin-angiotensin system in the developdeveloping animal fetuses and neonates [l, 11, 12, 26 , ing fetus. 27, 29, 35, 381 , which indicates that renin may be present in the developing fetal kidney. Granger et al. [17] , using newborn dogs, showed that PRA was significantly higher for the first 2 weeks of extrauterine life when compared with the values found in adult dogs. More recently, Trimper et al. [37] demonstrated that the fetal kidney was capable of releasing renin in response to furosemide as early as 110 days of gestational age (term, 145 days).
T h e present study was designed to investigate the activity and control of the renin-angiotensin system in the fetal lamb.
Materials and Methods

Acute Experiments
Seven ewes of mixed Western breed were included in the "acute" studies. T h e gestational ages of the fetuses at the time of study were 91, 100, 104, 112, 124, 142, and 145 days, respectively. Before the experimental procedure, all hay and grain were withheld for 24 hr and water was permitted ad libitum. Surgery was performed under spinal anesthesia (8 mg Pontocaine in hypertonic glucose). T h e uterus was exposed through a small midline abdominal incision and the fetal hind leg located by palpation through the uterine wall. One fetal hind leg was delivered through a small hysterotomy and polyvinyl catheters were inserted into the pedal artery and vein and advanced to the level of the common iliac artery and vein. An arterial blood specimen was obtained immediately after the artery was cannulated for measurement of PRA and a second sample was obtained in 30 min to provide two control specimens in the nonmanipulated fetus.
In three experiments involving aortic constriction, the fetus was delivered onto a heated pan under a radiant heat hood. Catheters were placed as described above and a temperature probe was placed in the rectum or esophagus for continuous temperature monitoring. A small incision was made in the flank of the fetus immediately below the 12th rib and the renal arteries were exposed. A polyethylene constrictor was placed around the abdominal aorta immediately proximal to the renal arteries. Catheters were placed in the carotid artery and in the abdominal aorta distal to the renal arteries for continuous monitoring of arterial pressure via pressure transducers (Statham P23Db [40] ) and recorded on an Offner recorder [41] . A third catheter was placed in the inferior vena cava proximal to the renal veins (Fig. 1) .
T h e PRA was measured in two fetuses before and after suprarenal aortic constriction. Two arterial blood specimens were obtained as controls and immediately following the second control blood sample, the aorta was constricted until the lower abdominal arterial pressure was 10-12 mm Hg lower than the carotid artery pressure. T h e constriction was maintained for 30 rnin and released. Venous blood was obtained every 15 min for 90 min for PRA from a catheter placed 2 cm proximal to the renal vein.
T h e PRA was also measured after acute hemorrhage in two fetuses. After two control venous blood specimens, the fetal-placental blood volume was reduced an estimated 8-10% and venous blood samples were obtained every 15 min for 45 min. This was followed by 30 min of aortic constriction as described above. Two venous blood specimens were then obtained every 15 min for 30 min.
Arterial blood for pC02, pH, PO,, and base excess was obtained and arterial pressure, pulse rate, and body temperature were monitored in both the fetus To t r a n s d u c e r (art.) From carotld artery and ewe throughout the experimental period in order to follow the condition of the fetus and ewe.
Chronic Experiments
I n three animals, subjects C I 6 , C18, and C19, the insertion of the catheters was carried out as described above, using sterile surgical technique, and the catheters were brought out through the uterine incision and peritoneum of the ewe. All wounds were closed with 1-0 chromic suture, and the catheters were brought out through the flank of the ewe via a subcutaneous tunnel. All catheters were heparinized and plugged with stainless steel plugs, secured in a small cloth envelope sutured to the maternal skin over the flank. T h e heparin solution was withdrawn and catheters were irrigated with normal saline solution before each blood sample was obtained. T h e ewe was returned to a confinement cage and given feed and water ad libitum. Six days were allowed for recovery before fetal blood samples or urine were collected. This provided a method for sequential study of the nonstressed intrauterine fetus. On the 6th day after surgery, arterial blood was obtained from the fetus and ewe on 2 successive days for PRA.
PKA was determined by the method of Boucher et al. [5] , with minor modifications as described previously [28] . T h e renin determinations were performed in one investigator's laboratory (AL) and the variation from the mean for 16 aliquots of pool serum was t2%.
In order to prevent excessive blood loss, especially from the fetal lamb, blood samples were limited to 2 cc and PRA determinations were performed on 1 cc plasma.
Histologic Studies
Renal tissue was obtained from three fetuses at 114, 124, and 130 days of gestational age and from two pregnant ewes. For light microscopy, tissue was fixed in Helly's solution, embedded in paraffin and stained with Bowie stain, according to Hartroft's procedure [20] . For electronmicroscopy, the tissue was fixed by immersion in 10% glutaraldehyde in phosphate buffer, and postfixed in osmium tetroxide in phosphate buffer and embedded in Epon. Paraffin-embedded sections were examined with the light microscope, under oil immersion, and Epon-embedded ultrathin sections, cut with an M T I1 microtome fitted with a diamond knife, were examined with a Siemens [42] Elmiskope 1 electronmicroscope.
Results
PRA i n Fetus and Ewe
T h e PRA in the fetuses is compared with that in the ewes in Figure 2 . All of the E series of experiments were performed utilizing the acute fetal preparation. T h e EXPERIMENT NO. mean fetal PRA in this group was 4.87 mp/ml and the maternal, 1.58 mp/ml, respectively. T h e highest PRA was found in the three chronic nonstressed intrauterine fetuses, 9.0, 9.2, and 8.75 my/ml, respectively, and the corresponding maternal PRA was 0.4, 4.5, and 3.75 my/ml, respectively. PRA was also measured in four nonpregnant ewes and the activities ranged from 0.3 to 2.1 mp/ml.
T h e fetal blood pH, pC02, and p 0 2 were measured at the time of sampling for PRA. All values were within the ranges reported previously by Blechner et al. in the nonstressed fetus [4] .
Response lo Aortic Constriction
T h e fetal response to aortic constriction was studied in three acute fetal preparations at 120, 130, and 145 days of gestational age. PRA increased rapidly after constriction in all fetuses and continued to rise during the 15-min period after release of the constrictor. PRA then decreased towards control values. T h e maternal PRA did not change significantly during the studies (Figs. 3 and 4) . Fig. 4 . T h e cffect of acute hemorrhage on plasma renin activity PRA in the intact fetal lamb and ewe.
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Response to Acute Hemorrhage PRA was also measured after acute blood loss in two fetal preparations at 120 and 145 days of gestational age (Fig. 4) . After an 8-10% decrease in blood volume, there was a striking rise in PRA within 15 min, followed by a return towards control values over the next 30 min. PRA increased from control values of 6 and 5.5 mp/ml to 40 and 55.2 mp/ml, respectively, then decreased in 30 min to 22 and 27.8 mp/ml, respectively.
Morphologic Studies of Fetal Juxtaglomerular Apparatus ( J G A )
A well developed JGA was observed in four fetuses studied at 96, 112, 124, and 142 days of gestational age. Light microscopy studies revealed characteristic Bowiepositive granular cells (juxtaglomerular cells, renin cells) demonstrated in the vascular component of the JGA (Fig. 5) . T h e highest juxtaglomerular cell count was observed at 96 days of gestational age. T h e granules were seen preferentially in the extraglomerular mesangial region which is well developed in the fetal 
Morphologic Studies of Maternal JGA
For comparison purposes, a light and electron microscopic study of the maternal JGA was done. By light microscopy, Bowie-positive granular cells were seen in the maternal JGA (Fig. 7) . With the electron microscope (Fig. 8) , the granular cells appear as modified smooth muscle cells containing characteristic secretory granules. T h e granules of the maternal cells measure the same as the fetal, approximately 0.5 ~m .
A number of recent studies have suggested an enhanced activity of the renin-angiotensin system in the newborn animal and human. Granger et al. [17] demonstrated that the PRA in newborn dogs was significantly higher for the first 2 weeks of extrauterine life when compared with values found in adult dogs, and Kotchen et al. [25] demonstrated in human neonates that PRA, as measured by immunoassay and bioassay, was significantly elevated during the first 6 days after delivery. Furthermore, PRA was also elevated at 3-6 weeks of age but lower than during the 1st postnatal week. Previously reported observations from our laboratory indicated that the fetal PRA values were significantly higher than the maternal PRA [33] and more recently, Trimper and Lumbers [37] demonstrated that intravenous furosemide stimulates the release of renin by the fetal lamb kidney. T h e latter investiga- tors suggested that the greater responsiveness of the fetal kidney to furosemide administration in terms of renin release may indicate a role for the renin-angiotensin system in the maintenance of fetal circulatory homeostasis.
Hyperreninemia also occurs during pregnancy in humans [6, 151 and other mammals [18, 211 , and the findings of high PRA during pregnancy raise the question of its origin. I n addition to the maternal kidney, there are several other sources of renin in the pregnant animal and human. Brown and associates [7] detected renin in human amniotic fluid obtained near term and the renin activity in amniotic fluid was greater than in either maternal plasma or cord plasma. Renin-like material has also been demonstrated in uterine tissue from pregnant animals [14, 311 . T h e fetal kidney is another obvious source of renin. Hodari et al. [22] extracted renin from the fetal dog kidney and granulated juxtaglomerular cells have been observed as early as 17 weeks of gestational age in the human fetus [27] .
Granger et al. [17] demonstrated high PRA in newborn dogs and they suggested that neither placental nor uterine contribution of renin could account for the high PRA values observed in newborn dogs after 12 hr. Furthermore, these investigators demonstrated that the PRA in newborn dogs increased rapidly in response to peritoneal dialysis, using 5% dextrose and water, which indicated that the kidneys of newborn dogs are able to release renin after stimulation.
The present studies indicate that the renin-angiotensin system is well developed in the fetal lamb and further demonstrate that known stimuli, such as suprarenal aortic constriction and hemorrhage, result in renin release in the fetal state.
It is difficult to speculate concerning the stimulus for enhanced renin secretion in both the fetal and newborn state because of the controversy regarding the basic mechanism for the control of renin release. During fetal life the systemic blood pressure is low; this would support the baroreceptor theory advocated by Skinner et al. [32] . Renal blood flow in the sheep fetus is low, accounting for less than 2-8% of the total cardiac output [30, 341 . Therefore, the role played by renal "ischemia" cannot be completely dismissed [16] . Studies in our laboratory suggest that renal blood flow remains low in the sheep fetus until near term, when it appears to rise, but remains less than 10-12% of total cardiac output. T h e elevated renin levels found in the fetal state, therefore, may be related to hemodynamic phenomena.
I t has also been demonstrated that the rate of sodium reabsorption in the proximal tubule of the infant rat is decreased [8] , and studies in our laboratory indicate that sodium reabsorption is also suppressed in the sheep fetus. It is therefore likely that the delivery of sodium to the macula densa is greater in the immature kidney. Therefore, according to the macula densa theory as suggested by Thurau and Schenermann [36] , this increased fractional delivery of sodium at the macula densa would promote renin release.
T h e well developed JGA observed in the fetal lamb does not differ essentially from that of the adult [2] . T h e presence in the fetus of numerous granular (renin) cells point to the fetal JGA as the likely source of fetal renin [lo, 131. This, as well as the contact between the granular cells and the macula densa are anatomical evidence consistent with a mechanism for intrarenal control of renin secretion in the fetus similar to that in the adult [3, 391. Our studies in the fetal sheep which indicate elevated PRA suggest that this alteration in the reninangiotensin system may contribute to both the increased vascular resistance and the reduction of the glomerular filtration rate and renal blood flow observed in the developing fetus and newborn animal [19] . Recent studies by Jose et al. [24] indicate that there is a progressive increase in total renal blood flow with increasing postnatal age and they suggest that this result was primarily caused by an increase in flow to cortical nephrons. They further suggested that this was in part a consequence of cortical growth; however, changes in vascular tone may also be a contributing factor. Horster and Voltin [23] demonstrated recently that the subcapsular nephrons in dogs are patent by 21 days of age. In addition, Cai-riere and Friborg [9] have demonstrated that the outer cortex is more sensitive to the infusion of angiotensin than the inner cortex, so that a higher proportion of glomerular filtrate is diverted to the juxtamedullary glomeruli. These studies, therefore, suggest that the elevated fetal PRA may be also related to the distribution of renal blood to the juxtamedullary glomeruli in the immature kidney.
Maternal and renin activities in fetal plasma were measured simultaneously in seven acute and three chronic maternal fetal sheep preparations at various stages of gestation. T h e fetal PRA was higher than the maternal in all preparations. In addition, it was shown that the fetus responds to stimuli which, in the adult, result in renin release. Morphologic studies in five fetuses indicated that the juxtaglomerular apparatus contains Bowie-positive smooth muscle granular cells and appears well developed in the fetal kidney as early as 91 days of gestational age (term 145 days). Further sludies will be necessary in order to establish a specific physiologic role for renin in the fetus.
